Abstract. Background 
Materials and Methods

Materials.
The following chemicals and reagents were obtained from the indicated companies: Dulbecco's modified Eagle's medium (DMEM), taurine, L-aspartic acid, D-aspartic acid, urea, human recombinant NGF, trichloroacetic acid (TCA) and dimethyl sulfoxide (DMSO) from FUJIFILM Wako Pure Chemical Co. Cell culture. PC12, a cell line derived from a pheochromocytoma of rat adrenal medulla (1), purchased from Riken Cell Bank (Tsukuba, Japan), was cultured in DMEM supplemented with 10% heat-inactivated FBS, 100 units/ml, penicillin G and 100 μg/ml streptomycin under a humidified 5% CO 2 atmosphere.
Induction of differentiation toward neurons. PC12 cells were inoculated at 3×10 3 cells per microwell (0.32 cm 2 ) and incubated for 24 h to allow complete cell attachment. The medium was completely removed by suction and replaced with 0.1 ml of differentiation medium (serum-free DMEM containing 50 ng/ml NGF). Cells were then incubated for 72 h to induce neuronal differentiation characterized by neurite formation (referred to as day 3 cells) (14) . Then, 0.1 ml of differentiation medium were added without medium change and incubation continued for another 3 days [overlaid with 0.1 ml of differentiation medium at day 3] (referred to as day 6 cells). Cell morphology was examined periodically under the observation by light microscopy (EVOS FL; ThermoFisher Scientific, Waltham, MA, USA).
Determination of viable cell number. The viable cell number was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method. MTT concentration was reduced from 0.2 mg/ml to 0.1 mg/ml, due to its cytotoxicity towards neuronal cells. The cells were incubated for 1 h, and the formazan precipitate was dissolved in DMSO and the absorbance at 560 nm was measured (that reflects the relative viable cell number, more precisely cellular mitochondrial activity) with a plate leader (Infinite F50R; TECAN, Kawasaki, Japan) (13) .
Extraction of amino acids. Medium of control and treated cells was centrifuged to collect the clear supernatant without cell debris. This supernatant (100 μl) was mixed with 100 μl of 10% trichloroacetic acid (TCA), and placed for 10 min on ice. After centrifugation at 10,000 × g, the deproteinized supernatant was frozen at -30˚C prior to amino acid analysis (15) .
Amino acid analysis.
Amino acid analysis of the extracts was conducted on an JLC-500/V amino acid analyzer (JEOL) with two single-channel colorimeters. Detection was carried out at two wavelengths (570 and 440 nm) according to the manufacturer's instructions. Separation was performed on an ionexchange column packed with sulfonated styrene-divinylbenzene copolymer (LCR-6, JEOL) using a stepwise gradient of Li-citrate buffers (1st to 5th) at elution rate 0.42 ml/min and temperature gradient during chromatographic separation (the column was thermostated at the temperature interval of 30-70˚C). Amino acid standards (Amino Acids Mixture Standard Solution, Type H, Type AN-II, Type B was used for calibration of the instrument. On-line post-column amino acid derivatization was used for quantitative assessment of amino acids in the eluate, which occurred by mixing the eluate with ninhydrin reagent solution supplied by a separate pump. The ninhydrin reagent is comprised of special ninhydrin buffer and ninhydrin reagent (FUJIFILM Wako Pure Chemical Corporation). The stained products of derivatization were detected at 570 nm for all amino acids except proline and hydroxy-proline, which were recorded colorimetrically at 440 nm. 
Results
Induction of neuronal differentiation by NGF. We have recently found that FBS was needed to maintain PC12 cells, whereas it was rather inhibitory of NGF-induced differentiation of PC12 cells (14) . The optimal concentration of NGF was 50 ng/ml (14) . When PC12 cells were incubated for 3 and 6 days with NGF, the cells differentiated into neuronal cells characterized by neurite formation, and neurite network became more extended with the progression of differentiation (compare day 3 and day 6 in Figure 1 ).
Change of intracellular amino acids during neuronal differentiation. The intracellular amino acid concentration of PC12 cells was initially measured before differentiation. Amino acid analysis of TCA-soluble fraction of cell lysate demonstrated that PC12 cells contain both excitatory (glutamic acid, aspartic acid) and inhibitory amino acids (glycine) Figure 
Changes in the intracellular concentration of amino acids during NGF-induced neuronal differentiation. Intracellular concentration of amino acids in control cells (A) and NGF-treated cells (B). PC12 cells were differentiated as described in Figure 1, and the concentrations of intracellular amino acids were determined as described in Materials and Methods. Each value represents mean±S.D. of quadruplicate assays.
( Figure 2A ). Among all amino acids detected, glutamic acid (mean values: 23.13 nmol/10 6 cells) was the most abundant, followed by glutamine (10.80), glycine (6.09), aspartic acid 
. Effect of addition of urea, taurine or aspartic acid on cell viability. PC12 cells before (A) and after differentiation (day 6) (B) were incubated for 24 h in regular culture medium (indicated by C) or in serum-free DMEM supplemented with the indicated concentrations of urea, taurine, and L-or D-aspartic acid. The viability was then determined by the MTT method, and is presented as % of control. Each value represents mean±S.D. of six determinants.
to nearly 50% of control level. However, viability was slightly but significantly increased (p<0.01) by addition of taurine and urea, but not by L-aspartic acid (Figure 3) . When differentiated PC12 cells (Day 6) were cultured for 24 h in serum-free DMEM, viability was also declined to 50% of control. However, growth stimulation activity was only observed at 0.32 mM urea, but was not statistically significant (p=0.056) ( Figure 3B ).
Discussion
It was essential to select the best culture medium for the maintenance and differentiation induction. For the maintenance of PC12 cells, we have proposed to use the simple DMEM+10%FBS medium, since extra addition of Ham's F12 (1:1), non-essential amino acids (NEAA), horse serum (HS) did not improve, but rather reduced the growth and amino acid consumption of PC12 cells (14) . For the differentiation-induction, we have proposed the use of the simple overlay method, since this method can provide large amounts of differentiated cells by removing the toxic coating step (14) . Using this differentiation method (overlay), the possible changes in amino acid pools during the NGF-induced neuronal differentiation of PC12 cells were investigated.
The present study demonstrated that differentiated PC12 cells have high concentrations of glutamic acid and aspartic acid, in agreement with previous reports that these excitatory amino acids are found in high concentration in brain, and they show powerful excitatory effects on neurons of the central nervous system (16, 17) . Since D-aspartic acid is synthesized intracellularly, most likely by aspartate racemase(s) in PC12 cells (18) , the relative ratio of L-aspartic acid and D-aspartic acid should be determined. We found that differentiated cells contained higher concentration of glutamine (16.65 nmol/10 6 cells) than undifferentiated cells (10.80 nmol/10 6 cells) ( Figure  2 ), suggesting higher dependence of the differentiated cells on glutamine as energy donor (19) .
We found that the intracellular concentration of taurine declined with the progression of neuronal differentiation (Figure 3) . It has been reported that taurine shows neuroprotective effects by reducing endoplasmic reticulum stress (ER stress) caused by glutamate excitotoxicity or excessive reactive oxygen species in PC12 cells or rat neuronal cultures (9, 10) . Exogenous addition of taurine and urea showed little or no effect on supporting the growth of PC12 cells regardless of the differentiation stage.
Anticancer drugs such paclitaxel (20) and oxaliplatin (21) have been reported to induce neurotoxicity in PC12 cells. It remains to be investigated whether taurine and urea show any protective activity
In conclusion, the present study demonstrated dramatic changes in the composition of intracellular amino acids during neuronal differentiation. Further study on metabolic pathways including urea cycle and mitochondrial tricarboxylic acid (TCA) cycle may reveal the biological significance of these phenomena, and the role of taurine, urea and aspartic acid as differentiation marker.
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